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Abstract

The generalized order parameter, S2, calculated from MD simulation trajectory using time-dependent internal Correlation Motion Function
(CMF) agrees well with NMR derived S2 processed with the extended model-free analysis approach. However, the former lies considerably lower
comparing to simple model-free derived data from NMR experiments. In the present study we analyze possible reasons of such disagreement. In
the general case we propose to use preexponential factors from expression for internal CMF rather than ordinary S2 values. Particularly, in case of
the simple model-free S2 experimental values we suggest comparing them with Seff

2 =1+S2−Sf2 computed from MD simulation data. We show that
the Seff

2 values are in a good agreement with NMR derived S2 values obtained using the simple model-free analysis.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Adequate and accurate cross comparison of the NMR and
MD simulation data is of crucial importance in versatile studies
conformational dynamics of proteins. The generalized order
parameter, S2 [1], extracted from NMR [2] and MD data [3–5],
is the appropriate indicator of protein backbone motions in
computationally feasible timescales. However, the S2 values
extracted from a MD simulation trajectory coincide well with
NMR derived S2 values processed with the extended model-free
approach [3], but may lie considerably lower than those from
the simple model-free analysis [4]. Such disagreement is usually
fixed using artificial adjacent variables such as “window range”
(see for example [5]).

In the present study we analyze possible reasons of this
disagreement and propose the way to avoid it.
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2. Materials and methods

A peptide N–H bond motions are described from the NMR
relaxation data using the correlation motion function (CMF)
which is expressed for each residue as [1]:

CðsÞ ¼< lðtÞlðsþ tÞ >t ð1Þ
where μ(t) is the unit vector along the N–H bond direction at the
time t. When the overall protein motion is not taken into account
(i.e. when the coordinate system is associated with protein) the
function is called internal correlation motion function (internal
CMF). During the NMR data processing the external protein
motion is removed [1]. Thus, in our study we will consider the
internal correlation motion function only.

On the basis of the GROMACS [6] template a program for
correlation motion function calculation was written. As the
model system we chose molecular dynamics of HIV-1 protease
in water at 310 K during 7.36 ns that was previously computed
in our laboratory [4]. Using the program we computed the time-
dependent internal CMF for all residues of the HIV-1 protease.
The averaging was performed over all pairs of frames obtained
in MD simulation. In order to treat internal motions only, the
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Fig 1. (a) The calculated S 2 and S final
2 (equal to S 2 in the case of extended

model-free analysis or to S exp
2 in the case of simple model-free analysis) values

from MD simulation in comparison to experimental data [2] for HIV-1 protease;
(b) calculated S exp

2 values and experimental results [8] (single model-free ana-
lysis) for hen lysozyme.
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overall translational and rotational movements of HIV-1
protease were removed by least-square fitting of Cα atoms to
the initial coordinates. A few typical time dependences of
internal CMF are shown in Figs. 1–6 of Supplementary
materials.

3. Results and discussion

To interpret the NMR results the internal CMF with respect
to time can be approximated either by the simple model-free
approach [7]:

CðtÞ ¼ Aexpð−t=sÞ þ S2 ð2Þ
or by the extended model-free approach [7]:

CðtÞ ¼ Af expð−t=sf Þ þ Asexpð−t=ssÞ þ S2; ð3Þ
where A=1−S2, Af =1−Sf2, As=Sf

2−S2; S2 is the generalized
order parameter, Sf

2 is the order parameter for fast motions, τf
and τs are the correlation times for the fast and slow motions,
respectively. The function (2) is characterized by the exponen-
tial decay t∼τ and is close to a constant at t>τ. The function (3)
is characterized by the rapid exponential decay at t∼τf (if
τf <τs), by the slower exponential decay at t∼τs and by almost
constant value at t>τs. Taking into account these facts and the
shapes of the calculated internal CMF (see Supplementary
materials), we suggested that with few exceptions (for example,
residue Ile50) the internal CMF function could be smoothened
by Eq. (3) with τf <1 ps. Eq. (2) is not valid for the
approximation of the CMF with a fast decay at t<1 ps and a
slow decay at higher t values. For this reason we smoothened
the internal CMF using Eq. (3).

The smoothing was performed using the least-square
method. For this purpose the global minimum of the following
function was found:

LðS2; S2f ; sf ; ssÞ ¼
X

i

PiðCi−ðS2 þ ð1−S2f Þexpð−ti=sf Þ

þ ðS2f −S2Þexpð−ti=ssÞÞÞ2 ð4Þ
where i— number of CMF values calculated from dynamics. Ci

is the internal CMF value calculated from the MD simulation
data. Pi is the statistical weight of i — the point which is equal
to a number of frame pairs with time difference equal to ti. Our
model protein (unbound HIV-1 protease) is a C2-symmetrical
homodimer. The summation in the formula (4) was performed
over all calculated CMF values for each respective residue pair
in both subunits. In order to minimize function (4) we found the
argument values at which all partial derivatives of (4) would be
equal to zero. For this purpose the system of four equations
(four derivatives with respect to each argument of function (4))
was solved using the Newton method. The minimization was
considered to be completed if, either, the modifications of S2

and Sf
2 values were less than 10% of S2 and Sf

2 values itself,
correspondingly and the modifications of τ values were less
than 20% of the corresponding τ values, or if the number of
optimization steps was equal to 100. The S2 and Sf

2 values
converge very rapidly comparing to τ values so error for S2 and
Sf
2 estimation during optimization is much lower than 10%. In

many cases about 10 steps of optimization are enough to
evaluate S and τ values with mentioned accuracy. On the other
hand, sometimes the function's local minimum cannot be
reached at the non-linear optimization. To avoid endless
calculation we restricted the maximal number of steps. The
non-linear optimization requires the initial values for variables
to be optimized. Generally the function (4) may have a few local
minima. We used several initial values for each function (4)
argument: 0.1, 0.5, 0.9 (for S2 and Sf

2); 0.1, 0.2, 0.5, 1, 2, 5, 10,
20, 50, 100 ps (for τf); 1, 2, 5, 10, 20, 50, 100, 200, 500, 1000 ps
(for τs). For each pattern of these initial values the equation
system (see above) was solved and afterwards the arguments set
corresponding to the least function (4) value was chosen. In this
way we obtained S2, Sf

2, τs and τf from the MD simulation data
for each residue.

Good coincidences of the CMF graphs with approximated
curves (see Supplementary materials) suggest that the expres-
sion (3) fits time dependent internal CMF while using S2, Sf

2, τs
and τf that were evaluated here. The calculated S2 values (Fig.
1a) are in a good agreement with corresponding NMR derived
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values obtained with the extended model-free approach [2]. For
those residues that were processed with simple model-free
approach in NMR experiment our S2 estimates lay considerably
lower. We suggested the reasonable overcome.

The S2 and τ values are calculated from the NMR relaxation
data using the spectral density function [1,7], which can be
expressed as

JðxiÞ ¼ As2

ð1þ x2
i s2Þ

þ S2s2R
ð1þ x2

i s
2
RÞ

ð5Þ

in the case of simple model-free analysis, and as

JðxiÞ ¼ Afsf
ð1þ x2

i s
2
f Þ

þ Asss
ð1þ x2

i s2s Þ
þ S2sR
ð1þ x2

i s
2
RÞ

ð6Þ

in the case of extended model-free analysis. In these
equations τf, τs and τR are fast, slow and overall rotation
correlation times. The A, Af and As are preexponential factors
from expressions (2) and (3) corresponding terms containing
correlation times τ, τf and τs. The A, Af and As values also
may be considered as magnitudes of orientational motions
with corresponding correlation time (on corresponding time
scale). The S2 parameter also may be considered as overall
(not internal) CMF decay caused by overall diffuse rotation
(overall CMF at high t values is closed to 0). It can be seen
that each term in Eqs. (2), (3), (5) and (6) contains only
parameters for motion in corresponding timescale. On the
basis of these facts we suppose that either CMF (magnitude
of N–H bond orientation disorder) or spectral density function
additively includes contribution of motions in different
timescales and contribution of motion in one timescale is
not dependent on motion in other timescales. Thus we
propose to consider A values rather than S2 values to compare
MD simulation results with NMR relaxation data.

The expressions for J(ω) and C(t) in the case of extended
model-free approach (Eqs. (6) and (3)) differ from those in the
case of simple model-free approach (Eqs. (5) and (2)) only by
first term corresponding to fast motion. When the first term in
(6) cannot be obtained from NMR relaxation data (because it is
too small and close to experimental error) it is neglected, i.e.
simple model-free approach is applied [2,7]. This occurs when
τf <τs (according to our calculations τf is about 100–1000 times
smaller than τs). However, in this case the first term in Eq. (3)
cannot be neglected. If τs<τR (for HIV-I protease τR=12.1 ns
[2] or more than 100 times as large as τs for almost all residues)
then the last term in Eqs. (5)–(6) is neglibly small. Under these
conditions J(ω) depends only on the first term in Eq. (5) or on
the second term in Eq. (6), i.e. it depends only on values
characterizing the slow reorientational motions (with exceptions
of overall rotation). If the relaxation data are processed using the
simple model-free approach, CMF decay caused by slow
motions (i.e. As, magnitude of slow motions) obtained from
NMR relaxation data is equal to A in Eq. (5) and is expressed as
As=1−Seff2 , where Seff

2 is S2 value obtained from MNR
relaxation data. In other words, when the extended model-free
approach cannot be applied and Sf

2 and S2 values cannot be
derived from NMR experiment, one obtains not S2 but Seff

2 . On
the other hand, value As obtained from MD simulation, is equal
to Sf

2−S2 which, in turn, are calculated by smoothing internal
CMF. Combining these expressions for As we can derive the
formula for effective S2 value which should be compared with
experimental values evaluated using the simple model-free
approach:

S2eff ¼ 1þ S2−S2f : ð7Þ
Therefore, if NMR relaxation data have been processed

with the simple model-free approach, we suggest calculating
Seff
2 value from MD simulation according to Eq. (7) and com-

paring it with NMR derived order parameter. We calculated
Seff
2 values for HIV-1 protease (Fig. 1a). In order to validate

our approach we also performed MD simulation for hen
lysozyme in water at 300 K. All the MD simulation parameters
and procedures were followed after [8]. From 5 ns trajectory of
hen lysozyme Seff

2 values were computed (Fig. 1b). One can see
from Fig. 1 the calculated Seff

2 values are in good agreement
(comparing to previous S2 calculations [3–5,8]) with those of
simple model-free NMR values and no systematic underestima-
tion is observed. For single residues (especially in loop regions
of HIV-1 protease) these parameters are underestimated. We
explain this by conformational changes which are observed in
MD simulation but occur seldom in reality. Good agreement
argues for the correctness of our approach to S2 calculation from
MD simulation data.
4. Conclusion

To compare NMR relaxation data with MD simulation
results we propose to use A values from Eqs. (2) and (3) rather
than S2 values. For each kind of motion (motion in each time-
scale) the proper A value should be evaluated. If S2 values are
obtained from NMR relaxation data using the simple model-free
approach, we propose to compare them with effective Seff

2 va-
lues obtained from MD simulation data using expression (7).
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Appendix A. Supplementary material

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.bpc.2006.03.001.
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